Monolayer transition-metal dichalcogenide is a very promising two-dimensional material for future transistor technology. Monolayer molybdenum disulfide (MoS 2 ), owing to the unique electronic properties of its atomically thin two-dimensional layered structure, can be made into a high-performance metal-oxide-semiconductor field-effect transistor, or MOSFET. In this work, we focus on band structure and carrier mobility calculations for MoS 2 . We use the tight-binding method to calculate the band structure, including a consideration of the linear combination of different atomic orbitals, the interaction of neighboring atoms, and spin-orbit coupling for different tight-binding matrices. With information about the band structure, we can obtain the density of states, the effective mass, and other physical quantities. Carrier mobility using the Kubo-Greenwood formula is calculated based on the tight-binding band structure.
INTRODUCTION
A two-dimensional material is a candidate channel material for an ultra-thin-body transistor device, owing to its perfect electrostatic control. Graphene is the most common two-dimensional material with a high mobility and no band gap. The discovery of graphene has greatly promoted the development of two-dimensional materials. Even film materials with one or several layers of atoms have become candidate two-dimensional materials for future transistor technology. Among two-dimensional materials, graphene, boron nitride (BN), and transition-metal dichalcogenides (TMD) are particular areas of focus. 1 When traditional transistors are reduced to a certain size, their characteristics are seriously affected, resulting in an element performance that is difficult to enhance. In 22-nm technology nodes, metal-oxide-semiconductor field-effect transistor (MOSFET) elements change in structure from planar to a 3D fin-shaped field-effect transistor (FinFET) to increase gate control and solve short-channel effects. Nevertheless, when the size is continuously reduced to sub-10-nm technology nodes, other structures or materials will need to be selected. In order to continuously reduce the element size, an ultra-thin-body silicon-on-insulator (or UTB-SOI) structure could be adopted, and the channel materials could be replaced by super-thin two-dimensional * Author to whom correspondence should be addressed. materials. Thus, it is possible to solve problems caused by reducing the transistor size and to implement a large-scale volume.
Furthermore, the "running" velocity, i.e., the mobility of the electrons in graphene is several tens or even several hundreds of times higher than those in silicon materials, which has the benefit of enhancing the integrated circuit IC computing speed. Meanwhile, graphene exhibits good thermal conductivity such that it is effective at dissipating heat. Such an advantage is a focus of energy-saving transistors. Unfortunately, graphene appears to be gapless, so transistors made of graphene cannot be closed. This, to some extent, would limit its application.
Unlike graphene and BN, both molybdenum disulfide (MoS 2 2 and tungsten diselenide (WSe 2 3 are TMDs semiconductors. TMDs are a layer material; bulk MX 2 (where M = Mo, W; X = S, Se) is composed of two-dimensional X-M-X monolayers being stacked one on top of another with an AB stack, where the Van der Waals force is used to connect the layers. Moreover, a covalent bond is formed between the M atom and the X atom in the monolayer to make the monolayer structure stable and easily dissected into two-dimensions. The MoS 2 /WSe 2 layer structure exhibits similar performance to graphite, such that MoS 2 and WSe 2 could be used for an energy-saving MOS-FET. MoS 2 , with its two-dimensional super-thin atomic structure and unique optical and electronic properties, has In recent years, monolayer MoS 2 has been the subject of experimental studies owing to its favorable properties and great potential for application in electronic and optical devices. Dr. Kis's research group first demonstrated an MoS 2 transistor device using a monolayer MoS 2 as a channel material. 2 The energy band structure of monolayer MoS 2 was investigated in detail. [4] [5] [6] [7] [8] [9] In this work, we study the band structure of monolayer MoS 2 as a potential replacement for Si as a channel material in future transistor devices. In Section 2, theoretical methods for calculating the tight-binding band structure, the effective mass, and carrier mobility of monolayer MoS 2 will be presented. The results of the study are discussed in Section 3. Section 4 presents a summary of this work.
THEORETICAL METHOD

Tight-Binding Band Theory
The orbital basis is composed of atomic-like orbitals, m r −R i ≡ n r , which are related to the atom atR i :
where (1)
The expressions for the s and p orbitals are:
respectively. The Kohn-Sham equation expressed with an eigenvalue equation reveals:
where i r is the wave function of an independent particle, and as such i r is also named the Kohn-Sham orbit.
Using the atomic-like orbital basis for the linear combination of Bloch sums, it appears that:
In this case, the general eigenvalue problem for solving i and b i is given by:
In order to simplify the interaction between many atoms, only bi-atomic interactions are considered, but various items are ignored; however, this still presents enough parameters to fit any situation. WhenĤ only considers the bi-atomic orbital, we have
WhenĤ KS only considers kinetic energy, we have:
The interaction set of inter-atomic orbitals would form distinct interactive matrix elements, while atomic particles would also generate various matrix elements, called , and orbitals, with interaction from different angles. Moreover, the bonding direction could be divided into vertical and parallel weights. Since the Mo metal atom of MoS 2 possesses a d orbital, the interaction with the d orbital should also be taken into account.
Many tight-binding (TB) Hamiltonian models exist for the band structure of a monolayer of MoS 2 . [4] [5] [6] [7] [8] [9] The TB Hamiltonian matrix model used in this study is a 5 × 5 matrix, 7 which is utilized for solving eigenvalue problems so as to acquire the relationships between the energy E and the K space and to establish the monolayer MoS 2 band structure.
The orbital considered in this 5 × 5 TB model reveals:
As: 
where the matrix elements are:
and the matrix element parameters related to spin-orbit coupling appear:
The MoS 2 parameters 7 are fitted by ab initio calculations and the experimental measurements, and are shown in Table I .
As the S atoms on the upper and lower layers are symmetric, the h orbits are symmetric, so the 7 × 7 matrix could be simplified into a 5 × 5 matrix:
Carrier Mobility Model
Density of States
The known band structure is given by: The total number of states in polar coordinates is:
where:
The density of states (DOS) is defined as:
Substituting the band into Eq. (35) gives:
This is the DOS of the ideal two-dimensional parabolic band.
From the carrier concentration (not including spin) equation:
the effective mass of the DOS is:
Mobility Derivation
The derivation proceeds from the current density of unit length and the carrier concentration:
2 kf E and (41) 
so that:
where q is the electric charge and the scattering time.
Under the balanced state:
where f 0 E is the Fermi-Dirac distribution function under the balanced state and f E is the first-order Taylor series expansion related to energy E, i.e., f E is the FermiDirac distribution function in an external electric field E x . From Eq. (40):
where there is no current flow under the balanced state, so:
The electrical conductivity is introduced such that the current density is presented in the form:
The relationship between electric conductivity and mobility:
shows that:
The types of electron-phonon coupling contributing to the total scattering rate in inter-valley and intra-valley phonons are classified into acoustic deformation potentials (ADP), zero/first-order optical potentials (ODP), and the Frohlich interaction. 10 
Kubo-Greenwood Mobility Formula
In this work, the effective mobility for monolayer MoS 2 has been calculated using the momentum relaxation time approximation according to the Kubo-Greenwood formulation. The scattering mechanisms included in the calculation contain the phonon scatterings mentioned in the previous subsection. Once the relaxation times for the different scattering mechanisms have been determined, the hole mobility formula for each subband, shown as follows, is calculated according to the Kubo-Greenwood formula (the same as the formula of Eq. (52)):
In Eq. (53), f E denotes the Fermi-Dirac function, E is the total energy, V E is the energy-dependent group velocity, E is the scattering time, and D E is the DOS. The function D E is the DOS calculated by following the linear tetrahedron method, which provides a detailed integration over the two-dimensional Brillouin zone. Details about the numerical calculation for D E can be found in Eq. (15) in Ref. [11] . Reference [11] is followed to define V E as shown in Eq. (53). The expression for the i-th component of the square of the group velocity averaged over an equienergetic surface is V 
RESULTS AND DISCUSSION
The software Castep/Materials is utilized in this study for calculating the band structure from first principles. First, the crystal structure of the material is constructed by inputting the model parameters to be calculated using the generalized gradient approximation (GGA). Figure 1 shows the results for MoS 2 with the calculation of the monolayer structure, where the band is the direct band gap from the conduction band K to the valence band K. Such a result could be used for fitting the tight-binding parameters to construct a complete tight-binding model. Figure 7 , where the energy shown in the figure is up to 250 meV. Figure 8 shows the square velocity as a function of energy for an electron in monolayer MoS 2 . With the equation 1/m = V /E = slope in the two-dimensional system, the effective mass (black line) of the 5 × 5 tight-binding hole and electron is acquired. The band edge arises from the quadratic differentials for the curvature, and the effective mass of the parabola is acquired (red line), where the effective mass of an electron is 0.37 m 0 . From Figure 8 , the difference is not significant at low energy, meaning that the simple parabolic band acquired with the effective mass approximation could enhance the calculation of mobility without losing accuracy. With regard to mobility, a control group with temperatures of 77, 100, 200, and 300 K are studied. The results for carrier concentration, scattering rate, and mobility, are shown in Figures 9-11 , respectively. The carrier concentration far away from the Fermi energy would rapidly decrease when the temperature is reduced, while the carrier concentration, in the range 10 11 -10 13 cm −2 , has no significant effects on mobility at different temperatures.
In Figure 12 , the carrier concentration is fixed at 10 12 cm −2 and the temperature ranges from 77 K to 300 K, where the mobility drops from 4500 down to 550 cm 2 V −1 s −1 . As can be seen from Figures 11 and 12 , the calculated mobilities from the effective mass approximation band structure are higher than those from the TB band structure. The reason for this is the scattering rate from the TB band structure is higher than that from the effective mass approximation band structure since different energy dependencies for the DOS (refer to Fig. 7 ) and the square velocity (refer to Fig. 8 ) result from these two band structures. The temperature would induce phonon scattering, so the effect on mobility is significant for limited phonons.
CONCLUSION
In this study, the tight-binding (TB) matrix model was utilized for calculating the monolayer molybdenum disulfide (MoS 2 band structure, with which the density of states and mobility are also acquired. A method to simplify the band for the mobility calculation was also discussed. The results of different tight-binding matrices showed that the trend of the bands in the entire Brillouin zone could be accurately described in spite of the first nearest-neighbor matrix elements. In terms of the number of orbitals, the orbitals were correlated with the contribution to the lowest conduction band and the highest valence band. Although considering more orbitals could accurately describe the energy, the enormous calculation cost would reduce the advantage of employing tight binding. Orbitals selected by a 5 × 5 TB matrix are therefore worth referencing.
The resulting mobility improvement was analyzed using the Kubo-Greenwood formula. The effect of carrier concentration in the range 10 11 -10 13 cm −2 on mobility is not significant. According to the scattering rate resulting from the various scattering mechanisms, the acoustic phonon scattering rate exhibited the largest effect when the energy was below 0.05 eV, while the optical phonon becomes the major scattering mechanism when the energy is above 0.05 eV. In the consideration of the various phonon scattering mechanisms, the mobility is approximately 550 cm 2 V −1 s −1 at room temperature (300 K) and higher mobility is apparent at a lower temperature. This work will help in the design of future energy-saving devices and nano-scale device technology.
